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APPLYING PRINCIPLES OF MUSIC SCENE ANALYSIS TO
SYNCHRONOUS AUDITORY WARNING SIGNALS
Matthew J. Davis
The Ohio State University, School of Music
Columbus, Ohio
In emergency situations pilots are often presented with the difficult task
of distinguishing between simultaneous auditory warning signals, each with
varying levels of importance. This inability to effectively discriminate between
synchronous warnings can lead the pilot to ignore certain signals, to
misinterpret them, or to be simply unaware of their presence. The creation of
signals that could be easily construed and distinguished from other simultaneous
signals would not only be desirable but would also contribute to increased
situational awareness and better decision-making during emergencies.
The focus of this study centers on creating a system of rules or methods for designing
auditory warnings based on stream segregation principles common in music. These methods
were derived from a study by David Huron which examined the role of voice-leading rules in
music stream analysis (Huron 2001). “Voice leading” refers to a set of compositional options
that is taught to university students of western classical music. These rules help students
compose music that is consistent with a particular classical style. For instance, one of the
common rules is the avoidance of parallel octaves. A typical university music student might be
told to avoid “parallel octaves” because it “sounds bad”. However, in Huron’s study, a parallel
octave might be explained as having poor streaming potential. When the goal is to maximize the
number of musical streams (“voices”), the compositional technique must take into account
(however indirectly) a system of rules or preferences that maximizes the listener’s ability to
distinguish between voices.
While much research has been conducted examining the appropriate properties of
warning signals, (Puyer 2005, Selcon 1995, Stanton 1994, Stanton 1999), it would be prudent to
examine the contributions of auditory streaming research in relation to music. This can be
accomplished by manipulating the onset synchrony, timbrel differences, binaural qualities,
rhythmic identities, amplitude modulation, temporal continuity, and pitch proximity, to name a
few. By applying these principles to warning signals, this study has sought to create a system of
auditory warnings that contains more efficient differentiating properties in addition to
conforming to a more unified stylistic entity.

Method
Using Huron’s musical perceptual principles as a guideline, this study proposes a set of
rules for maximizing the distinguishing properties of auditory warnings.
Table 1
Auditory Warning Rules Derived from Common Voice Leading Principles

1. Maintain a minimum frequency separation of 30-50 Hz between signals
2. Avoid concurrent pitches that share musical unisons, octaves, or fifths
3. Intensity Contour (gradual onset, brief peak, gradual reduction to normal intensity)
4. Urgency (or primacy) Separation (High, Medium, Low)
5. Multi-Signal Rhythmic Synchrony/Asynchrony
6. Harmonicity/Non-harmonicity
7. Optimal Pitch Range for Warnings (600-1200 Hz)
8. Optimal Pitch Range for Cautions (175 Hz - 600 Hz)
9. Overcome Cabin Noise (60-88dB in jet aircraft, 70-90 dB in GA)
10. Timbrel Differentiation (sharp timbres for warnings, mid timbres for cautions, soft
timbres for advisories)
11. Timbrel Identities (create timbrel “families” linked with certain systems)
12. Rhythmic Identities (create rhythmic “families” linked with certain functions)
13. Tempo Modulation (increase tempo as urgency increases)
14. Mix tones and speech for high mental load tasks (i.e. whooop whooop, “pull up”)
15. Melodic Motion (i.e. upward for “pulling up”, downward for “pushing down”, etc.)
16. Pitch Urgency Scale (most urgent warnings contain highest pitches)
17. Signal Component Limitation (signals should contain no more than three successive
pitches)
18. Signal Familiarization (familiar signals should be used when possible)
19. Automatic Intensity Adjustment adjusts to allow for radio communication. (Peryer 2005)
20. Signal Localization (signals sound as though emitted from their cooperating warning
lights

Once these methods were created and a demonstration set of warnings was derived, it
seemed necessary to compare the new signals with warnings currently employed in aircraft.
Both the new and old signals were employed in a correlational pilot study that made use of a
simple task observing a participant’s ability to distinguish between various synchronous signals.
The task was employed using Max/MSP, a visual programming language designed for
multimedia. In this case, it was used both for data collection and for designing the new warning
signals. The audio samples were divided into two groups: “Old” referring to the signals
recorded from the aircraft, and “New” referring to the signals created expressly for this study.
The groups were further subdivided into 1-6 groups of synchronous signals, that is, how many
signals would be playing at the same time. (Refer to Table 2).

Table 2
Division of Groups and Synchronous Signals
Old Signals
1 Signal at a time
2 Signals at a time
3 Signals at a time
4 Signals at a time
5 Signals at a time
6 Signals at a time

New Signals
1 Signal at a time
2 Signals at a time
3 Signals at a time
4 Signals at a time
5 Signals at a time
6 Signals at a time

The experiment was initiated when a participant clicked on the “Play/Next” button,
which caused the program to randomly select between the “old” or “new” groups before
randomly selecting between 1-6 synchronous patterns. Thus, when “Play/Next” was selected, a
random group of synchronous signals would play. The participant would then select how many
signals he or she could identify. Once sure of their answer, they would then select the “Submit
Answer” button, which would stop the auditory stimulus and save the participant’s answer. Out
of the six groups of synchrony, only six combinations of synchronous signal groups would be
selected (randomly) while never repeating. This meant that the “Old/New” groups would be
individually heard 36 times, and the experiment (with both groups together) would last exactly
72 trials.
The subject pool was comprised of university music students, both undergraduate and
graduate, from The Ohio State University School of Music. While an ideal pool of participants
would consist of pilots, trained musicians were deemed a suitable substitute for this pilot study.
The experiments took place in the Cognitive and Systematic Musicology Lab at the School of
Music.
Old Warning Signals
Warning signals were recorded from a Lear 35 and a Lear 31 provided by Spectra Jet,
Inc. In both aircraft, the signals were recorded using stereo microphones placed in the pilot’s
seat. While every effort was made to record these sounds in the most realistic manner possible,
it is necessary to keep in mind that these aircraft were not airborne and did not have an accurate
representation of the ambient noise that would occur in flight. To account for this, an audio track
of aircraft cabin noise from Microsoft Simulator X used was as ambient noise for both groups of
signals.
New Warning Signals
These warnings were designed almost exclusively to maximize the detectability of
numerous auditory streams. The six signals were designed based on the twenty principles
derived from musical voice leading rules. (See Table 1).

Results
The results of this pilot study, as seen in Figure 1, show the correlations of the “Old
Signals” and “New Signals”. These results display an expected trend of errors increasing as the
number of synchronous signals increases. The graph also provides evidence that is consistent
with the hypothesis that warning signals derived from principles of music scene analysis are
better able to remain distinguished from other signals playing in synchrony.
Figure 1

Note: (n = 11)
Old Signals: Person Correlation 0.680. Correlation is significant at the 0.01 level (2-tailed).
New Signals: Person Correlation 0.663. Correlation is significant at the 0.01 level (2-tailed).

Discussion and Conclusion
This pilot study is merely the beginning of the possibilities that exist in applying musical
principles to auditory warning signals. While being able to distinguish between four, five, or
even six synchronous warnings is an impressive academic feat, it is not very applicable
compared to coupling auditory warnings with visual and vibro-tactile warnings. The purpose in
demonstrating the increased streaming capability of these new warnings is to introduce a new
method for designing warning signals that are less likely to be confused with others.
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